The magnetocaloric response of mechanically alloyed Fe 75 Nb 10 B 15 powders was studied for samples with different amorphous and nanocrystal volume fractions. Thermomagnetic properties scale following a ⍀ 3 law for different milling processes, where ⍀ is the milling frequency. Curie temperature of the amorphous phase increases as the amorphous fraction increases due to its progressive enrichment in B. The peak magnetic entropy change, ͉⌬S M pk ͉, as well as the refrigerant capacity increase with increasing amorphous fraction. The field dependence of ͉⌬S M pk ͉ can be explained by the multiphase character of the studied samples.
I. INTRODUCTION
The magnetocaloric effect ͑MCE͒, i.e., the temperature change in magnetic materials due to a varying magnetic field, has been intensively studied in the past years. [1] [2] [3] Magnetic materials with a large MCE close to room temperature have attracted considerable attention due to their potential use in magnetic refrigeration, which is an environment friendly cooling technology and more energetically efficient than conventional gas compression-expansion refrigeration. In order to enhance the magnetocaloric response, materials with a big magnetic moment and a strong temperature dependence of magnetization close to the working temperature are needed. MCE is inherent to any magnetic material, classified into two types: those presenting a first order magnetostructural transition and those presenting a second order magnetic transition. For the first type, giant MCE has been observed in intermetallic compounds of GdSiGe close to room temperature. [4] [5] [6] [7] However, the presence of hysteresis is a drawback. In materials with a second order phase transition, this problem can be overcome but MCE is generally lower, Gd being the material used in refrigerator prototypes nowadays. 1, 8 Recently, the suitability of transition metal based alloys with second order magnetic transition [9] [10] [11] has been studied.
For these alloys, the intensity of the magnetic entropy change peak is not higher than that of first order phase transition materials but MCE peaks are broader, which allows for an increased refrigerant capacity. In the case of Fe based amorphous alloys, the easiness for modifying the temperature of magnetic transition with compositional changes, their extremely reduced magnetic hysteresis, their enhanced electrical resistivity ͑which would reduce eddy current losses͒, and their lower cost are all beneficial characteristics for their application as magnetic refrigerants. Most materials reported in the literature are bulk and only some works report on the MCE of powder alloys. [12] [13] [14] [15] [16] Powder materials can be easily obtained by mechanical alloying, which is a useful and versatile technique to produce metastable microstructures ͑amorphous, nanocrystalline, supersaturated solid solutions, etc͒ from elemental powders or alloys. 17 Nanocrystalline alloys, whose MCE is not largely studied in the literature, 9, 15, 16, 18 can be obtained by different ways: either by controlled crystallization of an amorphous precursor or by mechanical alloying. In this work, the magnetocaloric response of mechanically alloyed Fe 75 Nb 10 B 15 composition has been studied as a function of the ratio between crystalline and amorphous fractions.
II. EXPERIMENTAL
Partially amorphous Fe 75 Nb 10 B 15 alloy was produced by mechanical alloying from pure powders in a planetary ball mill Fritsch Pulverisette 4 Vario. The manipulation of the powder was done under argon atmosphere in a Saffron glove box. Details of the milling parameters can be found elsewhere. 19 Two different milling frequencies ⍀ were used in the aim of studying the applicability of the predicted ⍀ 3 law for the power release during milling. 20 In this way, results can be represented as a function of an equivalent time defined as t eq = ͑⍀ / 150͒ 3 t, where ⍀ is the milling frequency ͑in rpm units͒ and t is the experimental time. The milling process was limited to t eq Յ 508 h in order to avoid a big increase in impurities in the alloy ͑e.g., Cr contamination from milling media affects the magnetic properties 21 ͒. For the studied samples energy dispersive x-ray spectroscopy ͑Incax-sight of Oxford Instruments͒ shows a Cr content below 2 at. %. The temperature of the magnetic measurements a͒ Electronic mail: jsebas@us.es. b͒ was kept well below crystallization temperature, 19 which ensures the microstructural stability of the samples.
Microstructure was studied from x-ray diffraction ͑XRD͒ using Cu K␣ radiation in a Bruker D8I diffractometer. Three phases were detected in the milled powder: nanocrystals of a bcc Fe͑Nb,B͒ supersaturated solid solution, an amorphous matrix, and almost pure B inclusions. 19, 22 The crystalline fraction was calculated from the area ratio between two contributions used to deconvolute the ͑110͒ diffraction peak ͑a Lorentzian contribution for the crystalline phase and a Gaussian one for amorphous phase͒. An example is given in Fig. 1 .
The field dependence of magnetization was measured using a Lakeshore 7407 vibrating sample magnetometer using a maximum applied field H = 15 kOe with a field step of 250 Oe at constant temperatures in the range of 77-420 K with increments of 10 K.
The magnetic entropy change due to the application of a magnetic field H has been evaluated by processing the temperature and field dependent magnetization curves using a numerical approach to the equation
where ⌬S M is the magnetic entropy change, M is the magnetization, and T is the temperature. The partial derivative is replaced by finite differences and the integration is performed numerically from zero field to a maximum value H max . The refrigerant capacity can be defined in two ways: as the product of the peak entropy change times the full width at half maximum of the peak, RC FWHM , and using the Wood and Potter method, 23 which corresponds to the maximum area of the rectangle under the ⌬S M curve, RC WP . Superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design MPMS-5S͒ was used to check the saturation magnetization at 5 K and magnetocaloric response at 5 T for selected samples. Figure 2 shows the spontaneous magnetization M 0 as a function of temperature for all studied samples. M 0 was obtained as the extrapolation to zero field of a linear fitting of the high field magnetization. As the amorphous fraction increases, a reduction in M 0 is observed. Moreover, the change in magnetization at the Curie transition ascribed to the amorphous phase developed during milling 19 ͑ϳ250 K, measured using the inflection point method͒ becomes more evident. Hence the magnetization at low temperatures corresponds to both amorphous and ␣-Fe͑Nb,B͒ phases, whereas at high temperatures, it corresponds to the ␣-Fe͑Nb,B͒ nanocrystals. Figure 3 shows the temperature dependence of magnetic entropy change for a maximum applied magnetic field of 15 kOe for different crystalline fractions. It can be observed that the magnitude of the peak increases with increasing amorphous fraction, as the ferro-paramagnetic transition of the amorphous phase is the main responsible for the MCE in the explored temperature range. Moreover, there is a displace- ment in the peak to higher temperatures with the increase in the amorphous fraction, well correlated with the evolution in the Curie temperature. The entropy change at high temperatures follows the opposite trend than that observed at the peak ͑decreases with increasing the amorphous fraction͒, in agreement with the sum rule expected for two phase systems.
III. RESULTS

24
IV. DISCUSSION
Figures 4͑a͒ and 4͑b͒ show the magnetization at the lowest measured temperature, M 0 ͑77 K͒, as a function of crystalline fraction and equivalent milling time, respectively. The latter plot confirms that the evolution of this magnitude rescales following the ⍀ 3 law predicted for different milling processes. 20 An approximately linear relationship between M 0 ͑77 K͒ and crystalline fraction is observed, which can be understood using a very simple model described by
where ͗M 0 C ͘ and ͗M 0 A ͘ are the average saturation magnetizations of the crystalline and amorphous phases, respectively. Averages should be used because the composition of both crystalline and amorphous phases is expected to change along the milling process. From linear fitting of Fig. 4͑a͒ data, the values ͗M 0 C ͘ = 134Ϯ 10 emu/ g and ͗M 0 A ͘ =84Ϯ 3 emu/ g have been determined. Values obtained from SQUID measurements at 5 K yield a similar value for ͗M 0 C ͘ = 136Ϯ 6 emu/ g and a higher value for ͗M 0 A ͘ =96Ϯ 1 emu/ g, in agreement with the lower Curie temperature for the amorphous phase. The value of ͗M 0 A ͘ is of the same order as those reported for Fe-X -B ͑X = Zr, Nb, Mo, etc.͒ amorphous alloys. 25, 26 However, the spontaneous magnetization value found for ͗M 0 C ͘ is smaller than that of pure Fe, 27 which should be ascribed to the presence of Nb, B, and Cr in the remaining crystalline phase as well as to the nanometric size of the crystals. Figure 4͑c͒ shows the Curie temperature T C of the amorphous phase against crystalline fraction. It can be observed that, as amorphous fraction increases, the Curie temperature increases. This enhancement can be explained by a progressive increase in boron content of the amorphous phase with the milling time. In fact, the ferromagnetism is intimately related to the average Fe-Fe interatomic distances and an increase in such distances due to interstitial B atoms favors ferromagnetism via the reinforcement of the exchange coupling and the density of states. 28, 29 In the present studied alloy, the mixing of B with the other elements is not completed even after 400 h at 150 rpm. 22 At this stage, remaining B inclusions ͑ϳ50 nm in size͒ were still observed, although with a smaller size than that found for 50 h milling ͑100-200 nm͒. It could be necessary to assume an increase of ϳ3 at. % B into the amorphous matrix to explain the observed increase of T C from X C =64% to 15% using the Curie temperatures reported for Fe-B amorphous alloys. 30 However, the observed values of Curie temperature are lower than those reported for amorphous alloys obtained by melt spinning with similar composition. 30 Several aspects could explain this difference: a Nb enrichment of the amorphous phase with respect to the nominal composition due to the remaining Fe rich nanocrystals and B inclusions and the presence of Cr contamination from milling media ͓T C decreases ϳ25 K / at. % Cr ͑Ref. 21͔͒. Moreover, in other two phase materials composed of a ferromagnetic amorphous matrix surrounding ferromagnetic Fe nanocrystals, the Curie temperature of the amorphous phase is enhanced. 31, 32 This Curie temperature is shown as a function of equivalent milling time in Fig. 4͑d͒ . The predicted ⍀ 3 law is fulfilled by this parameter, too.
The crystalline fraction dependence of magnetic entropy change at peak temperature, ⌬S M pk , is shown in Fig. 5͑a͒ for both milling processes. It is observed that the ⌬S M pk increases with the amorphous fraction ͑also appreciated in Fig. 3͒ . This behavior is similar to that observed for partially nanocrystallized melt spun ribbons. 9, 18 It can be observed that the increase in ⌬S M pk does not follow a linear trend ͑the higher the amorphous fraction, the higher the increase in ⌬S M pk ͒ due to the progressive increases in B content in the matrix. In fact, an increase in boron content has been reported to enhance ⌬S M for Fe-X -B ͑X = Zr, Mo, etc.͒ alloys with low B content.
33 Figure 5͑c͒ shows RC FWHM as a function of crystalline fraction for all studied samples. As amorphous fraction increases a continuous enhancement in the refrigerant capacity is observed. The maximum measured value, for X C =15%, is higher than that reported for biphasic NiMnGa nanocrystalline powders.
14 Assuming a linear behavior with crystalline fraction, a maximum RC FWHM ϳ 115 J kg −1 for a maximum applied field of 15 kOe could be extrapolated for a completely amorphous material, which is approximately twice the value that can be estimated from literature results for GdSiGe/Fe ball milled nanopowders. 12 Fitting the refrigerant capacity as a power law of the applied field, 34 a value of the field exponent of ϳ1.1 is obtained for RC FWHM and ϳ1.2 for RC WP . Extrapolating to a maximum applied field of 50 kOe and for a completely amorphous material, RC FWHM ϳ 445 J kg −1 and RC WP ϳ 283 J kg −1 are obtained. SQUID measurements performed at 5 T are in agreement with these extrapolations. The value obtained for the first method is of the same order as those reported for ball milled Pr 2 Fe 17 alloys. 16 However, the value calculated using the second method is slightly higher than those reported for Pr 2 Fe 17 ͑Ref. 16͒ and GdGeSiFe alloys. 35 The common evolution of the peak magnetic entropy change and refrigerant capacity as a function of equivalent milling time for both milling processes performed at 150 and 350 rpm, respectively ͓Figs. 5͑b͒ and 5͑d͔͒, shows that these two parameters satisfy the ⍀ 3 scaling law, as it was observed for T C and magnetization.
The field dependence of the MCE can be expressed as a power law of the field for materials with a second order phase transition: ⌬S = AH n , 36 where A is a prefactor. For single phase materials, the exponent n is 1 for temperatures well below the Curie transition, n = 2 well above T C and n =1+͑1 / ␦͒͑1−1/ ␤͒ at T C , ␤ and ␦ being the critical exponents. This behavior was confirmed for different amorphous 36, 37 and crystalline alloys. 38, 39 Figure 6 shows the temperature dependence of n at a maximum applied magnetic field ͑15 kOe͒ for all studied samples. It can be observed that n values at the maximum temperature in the studied range are lower than 2 ͑value expected for a single phase͒. In fact, although this temperature, 420 K, is well above the T C of the amorphous phase, it is well below the expected Curie temperature of the crystalline phase ͑ Ͼ1000 K͒. Therefore, these values of n at 420 K can be explained in terms of the biphasic character of the samples and n would be between the high temperature limit for a paramagnetic phase ͑n =2͒ and the low temperature limit for a ferromagnetic phase ͑n =1͒.
At Curie transition, whereas for single phase materials n͑T C ͒ is independent of the applied field, 34, 36 for multiphase materials n decreases with the applied field.
39,40 Figure 7 shows the temperature dependence of the field exponent for several maximum applied fields for two different volume fractions, confirming the multiphase character of the studied samples. This is also confirmed from the field dependence of the change in the depth of the minimum of n,
The multiphase character of the studied samples is evidenced as ⌬n͑T C ͒ 0, i.e., n͑T C ͒ depends on H, unlike the expected behavior for single phase systems, where ⌬n͑T C ͒ =0 as n͑T C ͒ is field independent. In Fig. 7 , it is observed that ⌬n͑T C ͒ decreases as X C decreases, because the studied system becomes closer to a single phase. Figure 8 shows a decrease in n͑T C ͒ as amorphous fraction increases, although higher values than those measured for pure amorphous alloys ͓ϳ0.75 ͑Refs. 36 and 37͔͒ are found. This can be explained considering that the total magnetic entropy change of a biphasic system ͑assuming noninteracting phases͒ can be expressed as
where ⌬S A and ⌬S C are the entropy changes at the peak temperature of the amorphous phase for amorphous and crystalline phases, respectively. In this frame and for low amount of the high Curie temperature phase, n͑T C ͒ can be expressed in terms of the field exponents for amorphous, n A , and crystalline, n C , phases:
where c 1 and c 2 are proportionality factors. This expression, for a constant magnetic field, predicts a linear behavior as a function of the amount of the high Curie temperature phase ͑X C in the studied case͒, which should agree with the observed trend in Fig. 8 for X C Յ 37%. A value of n͑T C ͒ = 0.86Ϯ 0.01 could be extrapolated for X C = 0. Moreover, a tendency to saturation is observed in Fig. 8 as X C = 100% is approached.
V. CONCLUSIONS
The magnetic properties and the magnetocaloric response of the mechanically alloyed Fe 75 Nb 10 B 15 powders were studied for samples with progressive decrease in the crystalline volume fraction down to a minimum value of 15%.
Thermomagnetic properties rescale following a ⍀ 3 law for different milling processes.
• Curie temperature of the amorphous phase increases as the amorphous fraction increases due to the progressive increase in B content in the amorphous phase.
• The peak magnetic entropy change as well as the refrigerant capacity increase with increasing the amorphous fraction in agreement with the sum rule.
• The multiphase character of the studied samples can explain the anomalies observed for the field dependence of the magnetic entropy change.
